The interaction of magnetic fields with electron MHD plasmas has been studied experimentally. The free relaxation of a field-reversed configuration proceeds by magnetic field line annihilation in the 2-D O-type toroidal null region rather than by reconnection at the 3-D null points. Currentdriven sound turbulence produces anomalous resistivity and fast energy transfer from magnetic fields into electron heat. A freely relaxing FRC performs a precessional motion. Tilting of an FRC changes the toroidal null line into two spiral null points. The merging of two FRCs changes two 3-D null points into a 2-D null line. Elongated current layers are subject to electron tearing modes. The frozen-in concept of field lines breaks down in the inertial EMHD regime and strong electron heating is associated with time-varying magnetic fields.
I. INTRODUCTION
Electron magnetohydrodynamics (EMHD) deals with the interactions of magnetic fields with electrons in a plasma.
The time and spatial scales are such that the ions are essentially unmagnetized but not necessarily stationary 1 . Typically these conditions arise near magnetic null points 2 and for time-varying phenomena that are fast compared to the ion cyclotron period 3 . The major difference to single-fluid MHD is the appearance of Hall or space-charge electric fields. These arise from the fact that the magnetic force acts only on the electrons and an electric field is generated to prevent a significant charge separation, E + v × B 0. The electric field creates electron Hall currents and, given enough time, accelerates ions across B.
Linear EMHD phenomena include the well-known whistler waves: A small-amplitude magnetic perturbation oscillating above the ion cyclotron frequency propagates as a dispersive wave in a magnetoplasma 3 . Although the theory is formulated for plane waves, many applications generate whistler wave packets with a spectrum of frequencies and wavenumbers. For example, pulsed currents or magnetic fields from finite sources produce field perturbations in the form of stable, three-dimensional (3-D) vortices that propagate in the whistler mode [4] [5] [6] . These vortices carry helicity density whose sign depends on propagation direction with respect to the guide magnetic field 7 . The sign of the helicity is not conserved when a vortex reflects from a conducting boundary 8 or propagates through a magnetic null point 9 . In a uniform field, magnetic self-helicity and energy decay at the same rate. Magnetic vortices have force-free electromagnetic fields, −neE+J×B 0. When two linear vortices collide, they penetrate through each other without interaction, conserving magnetic energy and net helicity 10 . Opposing field components (e.g. toroidal fields) are annihilated during the collision, but the magnetic energy is converted via electron acceleration and currents into that of orthogonal (poloidal) field components. Thus, in contrast to MHD, fluid acceleration by reconnection does not imply magnetic energy conversion.
Nonlinear EMHD phenomena arise for two reasons: The background plasma properties are modified by large electron currents or the net magnetic field is modified when the perturbed field is comparable to the background field. Examples of plasma modifications include electron heating, which changes the Spitzer conductivity and leads to current filamentation 11 . Density depletions can be generated by strong space charge electric fields provided there is sufficient time to expel the slow ions. Near pulsed electrodes, this nonlinearity leads to current disruptions 12, 13 . Near pulsed coils, the density depletion leads to a breakdown of EMHD when the collisionless skin depth exceeds the field gradient scale length of the magnetic field. Then the field is no longer frozen into the plasma and electrons can be strongly heated 14 . The nonlinearity due to the magnetic field is of primary interest since it determines the solution of the field evolution, given by ∂B/∂t = ∇ × (v × B) where v = ∇ × B/(−neµ 0 ). The most obvious phenomenon of the J × B nonlinearity is the generation of harmonics for a periodic field perturbation which includes the generation of a dc magnetic field component near an oscillating coil 15 . More fundamental is the problem of how a general nonlinear magnetic field configuration relaxes in time and space. This problem has been addressed in MHD plasmas 16 but less is known in EMHD plasmas. The present work describes observations of the relaxation process for one particular case, a field-reversed configuration (FRC). This field topology is generated by a toroidal current layer producing a magnetic field opposite to a weaker uniform magnetic field. The result is a reversal of the axial magnetic field over a finite axial length, with two 3-D magnetic null points on axis and a toroidal O-type null layer in the center of the current layer. The present paper describes how this configuration is established, how it relaxes in time and space, and what is the significance of these findings to general field configurations.
II. EXPERIMENTAL CONFIGURATION
The experiments are performed in a large laboratory plasma device schematically shown in Fig. 1 . Basic plasma parameters and magnetic field properties are also shown. The discharge plasma is pulsed (t rep 1 s). In the early current-free afterglow plasma (t a ≈ 0.15 ms, n/(|∂n/∂t|) ≈ 1 ms), pulsed currents are applied to two insulated magnetic loops forming a Helmholtz coil pair (30 cm diam, B H = 25 G). The waveform of the applied coil current has a slow rise-time (L coil /R circuit ≈ 20 µH/2 Ω = 10 µs), a pulse length (50 µs) sufficient for the magnetic field to penetrate into the plasma, and an abrupt turn-off (t fall < ∼ 2 µs). The purpose of the fast switch-off is to study the relaxation of the stored magnetic field inside the plasma in the absence of currents other than those inside the plasma. The time-varying field lies inside the uniform plasma, well away from any conducting boundary. The Helmholtz coil field is usually opposite to, and stronger than, the uniform field. However, the Helmholtz coil field can also be applied parallel to B 0 . In the absence of null points on axis, large amplitude whistler vortices are excited. Other configurations with single coils of different diameters have also been used.
The time-varying magnetic fields are measured with a single vector magnetic probe, recording (B x , B y , B z ) versus time at a given position with digital oscilloscopes (100 MHz). By repeating the highly reproducible discharges and moving the probe to many positions in a threedimensional volume, the vector field B(r, t) is obtained. The total magnetic field is obtained by adding B z,0 = −5 G. Typically, an ensemble average over 10 repeated shots is formed at a given position, which increases the digitization accuracy from 8 bits to approx. 11 bits. The spatial resolution of the B-field measurement is given by the probe size (0.75 cm), and is sufficient to resolve magnetic structures on the electron inertial scale length (c/ω pe ≈ 1 cm). The temporal resolution (10 ns) is of order of the electron cyclotron period (2π/ω ce ≈ 70 ns), and frequency response is improved by temporal deconvolution using measured waveforms in vacuum and the coil current. Integration of the probe signal (∝ ∂B/∂t) is performed numerically, and the absolute probe calibration is done with the known field inside the Helmholtz coil. From the stored traces of B(r, t), the spatial field topology can be displayed at any instant of time. The current density is calculated from Ampère's law, J = ∇×B/µ 0 . No assumptions of field symmetries are required when 3-D data sets are taken. The measurement accuracy is confirmed by checking ∇ · B ∼ = 0.
Plasma parameters are obtained from Langmuir probes, density fluctuations are detected with coaxial probes, microwave emissions near the plasma frequency are done with a superheterodyne receiver, and light emission from the plasma is detected with a photomultiplier tube.
III. MAGNETIC FIELD RELAXATION
In an axially symmetric system, contours of constant poloidal flux can be used to quantitatively define magnetic field lines. These are shown in Fig. 2 after the coil current has been switched off (t = 0). In time, the FRC slightly tilts, elongates, and dissipates within ∆t ≈ 15 µs. According to classical diffusion (σ Spitzer ≈ 100 Ω −1 cm −1 ), a magnetic structure 30 cm in size should decay on time scale τ ≈ 1 ms. The dissipation is anomalously fast. Convection of energy is negligible since the axial null points prevent propagation in the whistler mode.
The tilt of the FRC has been investigated and determined to be a 3-D motion: a precession around the original axis along B 0 . In order to quantify this property, the magnetic dipole moment, m = 1 2 r × J dV , has been calculated and is displayed in a hodogram in Fig. 3 . As the FRC relaxes, its magnetic moment rotates in the direction of, and at the speed of, the electron fluid drift. This feature suggests an explanation for the precession: Frozen-in field lines of a tilted FRC are convected by the toroidal fluid drift. The frozen-in concept also explains the elongation of the FRC: The toroidal fluid drift v θ twists the field lines (B r , B z ), which produces field components ±B θ at either end of the FRC. This toroidal field is produced by a poloidal current or electron drift (v r , v z ). The poloidal fluid drift is directed such as to convect the field components B r axially outward and B z radially inward. Basically, the twisted and bulged field lines try to straighten out during the relaxation process.
During the relaxation process, closed field lines within the separatrix vanish, while the open flux outside the separatrix increases. Such topology changes are often associated with reconnection at magnetic null points 17 . However, careful inspection of the field line motion shows that there is no reconnection at the 3-D null points on axis. Instead, all the field lines move into the 2-D toroidal O-type null layer where they are annihilated. Since the energy flow has a divergence (∇ · E × H = −E · J) while the electron flow is incompressible (∇ · J = 0), the frozen-in condition is broken near the null layer. Magnetic energy is completely converted into thermal energy. Since the electrons carry the current, the dissipation raises the electron temperature which is readily measured with Langmuir probes. The electron temperature is enhanced in a toroidal layer that converges toward the axis. At late times, the temperature peaks on axis as shown in Fig. 4a . The increase of the electron energy accounts for approx. half of the magnetic energy loss. The difference may arise from energy losses by radiation and conduction. Strong light emission is detected from the center of the decaying FRC 14 .
The fast energy loss suggests that the resistivity is enhanced by turbulence. With a coaxially-fed rf probe, density fluctuations are observed during the decay of the FRC (Fig. 4b) . The fluctuation amplitude (δn/n < ∼ 5%) maximizes in the toroidal current layer. The fluctuation spectrum falls into the regime of ion acoustic waves (ω < ω pi 2π× 25 MHz). With T e T i and electron drifts ν d,e c s , the density fluctuations are likely due to current-driven ion sound turbulence. Potential fluctuations on the Debye scale produce large electric fields, hence strong electron scatter- ing and anomalous resistivity 18 .
IV. SPIRAL NULL POINTS
When an FRC tilts with respect to B 0 , the axial symmetry is destroyed. The toroidal null line degenerates into two 3-D magnetic null points located in the plane of rotation. The two original 3-D null points move off-axis. This problem has been studied theoretically 19 and is observed in our experiment. The tilting is more pronounced when a single coil is used instead of a Helmholtz coil. The time evolution of the toroidal magnetic null region relative to the loop antenna (I loop → 0) is shown in Figs. 5a-d . The ring's surface normal rotates, i.e., precesses. During the relaxation, two null points are observed in the toroidal current layer as shown in Fig. 5e . The spine of these improper spiral null points 20 is approx. in the direction of the toroidal current, hence the fan lines strongly spiral. The helicity density switches sign across the null points such that no net helicity is created. The two original axial 3-D null points (omitted from Figs. 5a-e for purpose of clarity) are radial nulls while a steady state current flows in the coil. When the current is carried in the plasma, the radial nulls change to weak spiral nulls because the toroidal flow twists the field lines.
With two axially separated coils, two FRCs have been generated and their merging has been studied 21 . When the relaxing FRCs stretch, their adjacent spiral nulls touch. Two 3-D nulls temporarily form a single degenerate 3-D null point from which two separatrix surfaces emerge. Subsequently, the single null point evolves into a 2-D toroidal null line. The two FRCs form a single FRC with an elongated O-type null layer. Multiple spiral nulls arise when the toroidal current layer tilts. The reverse process, i.e., the transition from a null line via a single degenerate null point into two 3-D nulls, occurs during the FRC formation by a rising coil current.
V. BREAKDOWN OF EMHD
It is observed that a plasma depletion occurs near the coil during the increase of the coil current. This arises from the radial J × B force on the electrons, which produces a radial space charge electric field that accelerates the ions also away from the coil. The density depletion implies that the collisionless skin depth exceeds the gradient scale length of the magnetic field, c/ω pe > |B/∇B|. In this inertial regime, the generalized vorticity should be frozen into the electron fluid rather than the field lines. When the coil current is rapidly switched off, strong electron heating (T e,max ≈ 10 T e,0 ) is observed near the coil. The field lines slip through the electrons which are tied via radial space charge electric fields to the slow ions, E/B v e ≈ v i . The field line slippage causes dissipation. Specifically, the electrons E × B drift along the coil, and are energized by the inductive electric field. In the present experiment, the temperature rise is limited by atomic physics, i.e., ionization of neutral gas. The density cavity is filled and the electron heating levels off.
VI. CONCLUSION
Experiments on nonlinear EMHD physics have been performed. The relaxation of elementary topologies has been investigated in order to understand more complicated interactions in nonlinear EMHD turbulence. Topologies of 3-D null points and null lines have been shown. Reconnection and dissipation processes have been identified. Currentdriven turbulence has been shown to produce fast energy conversion in EMHD. In the inertial EMHD regime, strong electron heating is also observed without magnetic null points.
